Vapor pressure measurements, in terms of a (non-)isothermal isopiestic method, were carried out in the system Cd-Pr between 749 K and 1067 K (476°C and 794°C). Thermodynamic activities of cadmium as a function of temperature were obtained directly for the composition ranging from 50.0 to 85.7 at. pct Cd. From these results, partial molar enthalpies of mixing of Cd were derived for the corresponding composition range. The activity values of Cd were converted to an average sample temperature of 823 K (550°C) by applying an integrated form of the Gibbs-Helmholtz equation. These data indicate that Cd 2 Pr and Cd 58 Pr 13 are probably the most stable intermetallic compounds in this system. Using an activity value of Pr from the literature as integration constant, Gibbs-Duhem integration was performed, and integral Gibbs energies are presented at 823 K (550°C), referred to Cd(l) and a-Pr(s). Gibbs energies of formation at the stoichiometric compositions of the phases Cd 6 Pr, Cd 58 Pr 13 , Cd 45 Pr 11 , Cd 3 Pr, and Cd 2 Pr were determined to be about À18.8, À23.5, À24.8, À28.7, and À33.8 kJ g-atom À1 at 823 K (550°C), respectively.
I. INTRODUCTION
NOWADAYS several countries in the world strive for strong nuclear power programs to satisfy their demands of energy. As a consequence, according to the World Nuclear Association* around 12,000 tons of high-level nuclear waste is produced annually. Currently, a considerable amount is stored intermediately in on-site water pools, waiting for long-term deposition in geological repositories. For an adequate and economic utilization of nuclear fuels, reprocessing of spent nuclear fuels is an option which is currently adopted only in a few countries. Conventionally, reprocessing is practiced by means of solvent extraction of actinides using tributyl phosphate (TBP), known as hydrometallurgical technique or aqueous reprocessing. Unfortunately, this technique has to deal with several problems like radiation and temperature instability of the various solvents used in the process. In addition, a huge amount of liquid waste is produced by this method. This problem makes it reasonable to investigate another type of reprocessing technique, called the pyrometallurgical technique. Pyrometallurgical reprocessing overcomes some of the major problems of aqueous reprocessing, as described by Olander. [1] The central part of pyrometallurgical reprocessing is the electrorefining step, which is carried out in an ''electrotransporter'' cell. The theoretical feasibility has been described repeatedly in the literature, see e.g., References 2 through 5. In particular, electrotransport and reductive extraction are applied to separate actinides and lanthanides from high level radioactive waste (HLW). The respective electrochemical vessel contains a liquid metal pool at the bottom, covered by a molten salt solution serving as electrolyte. One basket of anode, containing chopped nuclear fuels, and at least two cathodes are inserted into the liquid salt. During this process, especially uranium, plutonium, and minor actinides are transported whereas rare-earth (RE) elements, alkaline, and alkaline earth elements remain in the liquid salt. Additional reductive agents are added to the salt which promotes the extractability of RE elements into the liquid metal pool at the bottom by forming intermetallic compounds. Moriyama et al. [6, 7] determined that the separation factors, which are an indicator for extractability, are quite different between actinides and lanthanides. In principle, actinides have the higher affinity for extraction into a metal phase, a fact that is preferable, considering the chemical similarity to lanthanides. The extraction behaviors of different elements between a molten chloride salt phase and a liquid metal strongly depend on the standard free energy of formation of the corresponding chlorides, as well as on the activity coefficients of the extracted metals in the respective intermetallic compounds. Thus, the separation factors differ noticeably when using different liquid metals. Several low melting metals have been tested, such as Al, [8] Bi, [9] and Cd. [9] Among these elements, Cd is the most promising metal because it has a rather high vapor pressure, making it convenient for removal by distillation, and it forms a series of rather stable intermetallic compounds with all RE elements. Therefore, a detailed knowledge of the respective Cd-RE phase diagrams as well as of the thermodynamic stabilities of the corresponding intermetallic compounds is of great importance. This was the reason behind our initiating a series of thermodynamic and phase diagram studies of different Cd-RE systems in our laboratory. [10] Concerning the system Cd-Pr, only limited information about phase diagram and thermodynamic data was found in the literature. Although no complete phase diagram information is available, seven intermetallic compounds were reported which seem to have been well investigated. [11] The most Cd-rich intermetallic compound in this system is Cd 11 Pr which decomposes incongruently at 843 K (570°C). At this temperature, 3.5 at. pct Pr is soluble in liquid Cd according to Johnson et al. [12] The latter authors reported also liquidus data in the composition range of up to 1.83 at. pct Pr, as determined by chemical analysis of filtered samples of the corresponding equilibrium liquid phases.
In a subsequent study, Johnson and Yonco [13] determined the Gibbs energy of formation of Cd 11 Pr by means of Gibbs-Duhem integration, using thermodynamic activity values of Pr from their own emf measurements. The value, given as À11.2 kJ g-atom À1 at 823 K (550°C), served as an integration constant for the current calculations. In an early study of Castrillejo et al., [14] Gibbs energies of formation of the three intermetallic compounds Cd 11 Pr, Cd 6 Pr, and Cd 58 Pr 13 were examined by electrochemical techniques. These values were determined to be À11.2 ± 0.1, À18.7 ± 0.1, and À22.9 ± 0.1 kJ g-atom À1 , respectively, for a temperature of 823 K (550°C). The authors presented also partial Gibbs energies of Pr in the two-phase fields Cd 58 Pr 13 + Cd 6 Pr, Cd 6 Pr + Cd 11 Pr, and Cd 11 Pr + L, given as À107.6 ± 0.6, À127.4 ± 0.9, and À133.8 ± 1.2 kJ mol(Pr) À1 , respectively, for 823 K (550°C). Due to the limited information from the literature, the aim of the current study was to provide an experimental thermodynamic description of the Cd-Pr system. Vapor pressure measurements were carried out, and thermodynamic activities of Cd and Pr as well as integral Gibbs energies were determined for the composition ranging from 50 to 100 at. pct Cd. These data can serve as input into a CALPHAD-type optimization and will subsequently support understanding the distribution behavior of Pr in the electrorefining cell.
II. EXPERIMENTAL
A (non-)isothermal isopiestic method was applied to determine Cd activities in Cd-Pr alloys. This method was previously described by Ipser et al. [15] The corresponding experimental arrangement is shown schematically in Figure 1 . The entire setup is made of fused silica glass and consists of four parts. A silica glass crucible, where the volatile metal is held (the reservoir), is placed at the bottom of the outer tube. On top of this crucible, a glass spacer connected to a sample holder tube is located in which tantalum crucibles are stacked, with one on top of the other. The defined distance from the bottom of the reservoir to the uppermost crucible is around 350 mm. Another inner tube with its upper end widened, is used as a thermocouple well. This widened part is sealed with the outer tube under dynamic vacuum.
Before use, the entire apparatus is cleaned with an acid mixture (HF/HNO 3 /H 2 O), rinsed with distilled water and dried. Afterward, the completely assembled setup, including the empty Ta crucibles (~20), is degassed under dynamic vacuum (10 À3 mbar) at 1173 K (900°C) for 5 hours. The subsequent sample preparation is carried out in a glove box, filled with Ar, to prevent the pure Pr samples from oxidation. Depending on the experimental temperatures, the reservoir is filled with weights ranging between 25 and 35 g of Cd (99.9999 pct Alfa AESAR, Karlsruhe, Germany), and between 160 and 220 mg of pure Pr (99.9 pct Alfa AESAR, Karlsruhe, Germany, and smart-elements, Vienna, Austria) is weighed into each Ta crucible (10 mm o.d., 12 mm height) with an accuracy of ±0.1 mg. Thereafter, the assembled setup is securely closed with a glass stopper and shuttled out of the glove box. It is connected to a vacuum pump, evacuated, and sealed under a dynamic vacuum of better than 10 À4 mbar. Afterward, the isopiestic experiments are heated in different temperature gradients, as applicable in conventional two-zone furnaces. A total number of seven runs were performed with different reservoir (T R ) and sample temperatures (T S ). The respective temperature gradients were recorded by raising a Pt/Pt10 pct Rh thermocouple inside the thermocouple well. Each experiment lasted for about 3 to 5 weeks, depending on the reservoir temperature. After equilibration, the isopiestic apparatus was quenched in cold water and cut open by a diamond saw. The Cd-Pr alloys which had formed within the Ta crucibles during equilibration with the Cd vapor were weighed back and their compositions calculated from the difference in weight, which was attributed to the uptake of Cd.
Representative samples were characterized by powder X-ray diffraction (XRD) with Cu-Ka radiation using a Bruker D8 Advance Diffractometer with Bragg-Brentano geometry. The corresponding XRD patterns were analyzed and refined by means of the TOPAS 3 software, applying the fundamental parameter approach for peak profile modeling. To protect the powdered alloys from oxidation, a special XRD sample holder with an X-ray transparent lid was used.
Quantitative and optical examinations of the microstructures were performed on a Zeiss Supra 55 VP environmental scanning electron microscope using pure elements as standard materials and Co for an energy calibration of the energy-dispersive X-ray detector signal. A 120 lm aperture was used, and an acceleration voltage of 20 kV was applied. For imaging of the microstructures, a backscatter detector was employed. The composition of each phase was measured at three or more spots to minimize statistical errors and to obtain more reliable results. A maximum error of about ±0.5 at. pct is assumed for the final results.
III. RESULTS AND DISCUSSION

A. (Non-)isothermal Isopiestic Measurements
Seven isopiestic runs in total were carried out at different temperature conditions, to obtain a complete description of thermodynamic activity data in the Cd-Pr system. The corresponding reservoir temperatures were chosen between 729 K and 869 K (456°C and 596°C), with the corresponding Cd vapor pressures being between 7 and 101 mbar, respectively. Sample temperatures were located between 749 K and 1067 K (476°C and 794°C). The vapor pressure values of pure Cd as a function of temperature were taken from Binnewies and Milke [16] :
Since the melting point of Cd is rather low and it has indeed a much higher vapor pressure than Pr at the respective reservoir temperatures, the total pressure in the system is determined only by the temperature of the Cd reservoir (T R ). Equilibrium within the system is reached when the Cd vapor pressure over each sample, at its sample temperature T S , is equal to the vapor pressure of pure Cd at the reservoir temperature T R :
Thus, the thermodynamic activity of Cd for each sample can be obtained by combining Eqs. [1] and [2] based on the conventional definition for the activity:
All results, including sample temperatures and compositions, sample identifications, Cd activities, and partial enthalpy values, are listed in Table I . The compositions were calculated from the mass change during the experiment as described above. All samples were ascribed to one-or two-phase fields in the phase diagram, which was confirmed by powder XRD. Sample compositions were partially controlled by SEM, and both sets of results were found to be in good agreement. The relative uncertainty in the compositions due to experimental errors is estimated to be less than 0.5 at. pct, and the temperatures are assumed to be accurate within ±2 K (A more detailed discussion on possible error sources in this type of isopiestic experiments can be found in Reference 15).
Although the results were consistent in general, some discrepancies were found, predominantly for isopiestic runs with higher reservoir temperatures. Accordingly, the homogeneity ranges of all phases in the Cd-Pr system were separately determined by SEM. For this purpose, isopiestic samples within two-phase fields were annealed at different temperatures. The resulting solubilities for 823 K (550°C) are shown in Table II . Although Cd 11 Pr and Cd 6 Pr were exclusively determined as line compounds, noticeable homogeneity ranges were found for the other compounds. All isopiestic samples, except those from run 7, covered the experimentally found homogeneity ranges of the different phases. Most of the calculated compositions of run 7 appeared, in contrast to the other runs, to be located in two-phase fields as well as systematically shifted toward Pr-rich compositions. The corresponding SEM investigations suggested that, during quenching from 869 K (596°C), some Cd was lost from the surface of the particles in all the samples of run 7, as can be seen in the example of sample 11 in Figure 2 (a). This loss is caused by the rather significant Cd partial pressure at this high reservoir temperature and by the finite quenching rate of the evacuated isopiestic tubes. Although the overall composition could not be measured reliably because of porosity, powder XRD pointed to Cd 58 Pr 13 as the bulk phase (cf. Figure 3) . Therefore, it is strongly assumed that sample 11 was located within the homogeneity range of Cd 58 Pr 13 while being equilibrated and was shifted in composition only during quenching.
Another possible explanation as to why these calculated compositions were shifted could be that a continuous solid solution exists between the two phases Cd 58 Pr 13 and Cd 45 Pr 11 at elevated temperatures, especially at 823 K (550°C). However, due to pronounced differences in the crystal structures and because both phases were found in thermodynamic equilibrium at 873 K (600°C), as seen in Figure 2(b) , such a continuous solid solubility is very unlikely. Therefore, all sample compositions of run 7 were shifted systematically 0.35 at. pct toward the Cd-rich side.
By plotting sample compositions against sample temperatures T S for one particular run, the so-called equilibrium curve can be drawn connecting the individ- Figure 4 shows these equilibrium curves for all runs, superimposed on the actual version of the Cd-Pr phase diagram, adapted from Gschneidner and Calderwood. [17] As can be seen, all samples are located between 57 and 86 at. pct Cd. Most of the samples are single-phase samples, consisting of pure Cd 2 Pr and Cd 58 Pr 13 , suggesting that these phases are among the most stable ones in the Cd-Pr system. On the other hand, no samples were obtained in the phase Cd 3 Pr suggesting that Cd 3 Pr is only slightly more stable than a two-phase mixture of its neighboring compounds. This phenomenon was actually also observed earlier in the Cd-Ce system where likewise no samples were formed in the Cd 3 Ce phase. [10] In addition, some of the samples formed in the isopiestic runs were obtained in various two-phase fields after equilibration. This is probably caused by slight variations of the sample temperatures. Nevertheless, these samples allow us to calculate Cd activities for the respective two-phase fields at the corresponding sample temperatures T S .
B. Partial Enthalpy of Mixing of Cd in Two-Phase Fields
As indicated above, Cd vapor pressures were used to calculate activities in different two-phase fields at the respective sample temperatures T S (see Table I ). Natural logarithms of these activity values were plotted against reciprocal temperatures for almost all two-phase fields, i.e.,: CdPr + Cd 2 Pr, Cd 2 Pr + Cd 3 Pr, Cd 3 Pr + Cd 45 Pr 11 , Cd 45 Pr 11 + Cd 58 Pr 13 , and Cd 58 Pr 13 + Cd 6 Pr (see Figure 5) . According to an adapted Gibbs-Helmholtz equation [4] , partial enthalpy values of mixing of Cd were directly calculated from the slopes: 
where the temperature is in K, R is the gas constant in J (mol K) À1 , and the partial enthalpy of Cd is in J mol(Cd) À1 . For this approach, straight phase boundaries, i.e., no variation of solid solubilities with temperature, of the different compounds were assumed. Although it is obvious that the solubilities will be temperature dependent in the examined temperature range, this is still a useful approach to obtain information on the corresponding partial enthalpy values in a certain temperature range (cf. Table I ). On comparing the slopes in Figure 5 , an exothermic behavior is observed in the corresponding composition ranging from 50 to 86 at. pct Cd. One can see that, with decreasing Cd concentration, the partial molar enthalpy of mixing of Cd becomes increasingly negative. DH Cdvalues for Cd 45 Pr 11 + Cd 58 Pr 13 are probably less accurate because of the very narrow two-phase field and because of some variation of the solubility of Cd 58 Pr 13 with temperature, as determined by SEM and included in Figure 4 . Therefore, the corresponding straight line in Figure 5 is shown as a dashed line.
C. Partial Enthalpy of Mixing of Cd in Single-Phase Fields
Partial enthalpies of mixing of Cd were determined in the homogeneity ranges of Cd 2 Pr and Cd 58 Pr 13 in the same manner as described above. For instance, for the evaluation of Cd 58 Pr 13 sample temperatures for selected compositions were obtained along the entire homogeneity range by interpolation from the equilibrium curves in Figure 4 . From these hypothetical samples, Cd activities were calculated according to Eqs. [1] and [3] . Natural logarithms of these activities were plotted as a function of reciprocal temperature in Figure 6 . Applying the adapted Gibbs-Helmholtz equation [4] , a linear regression was applied for data points of each selected composition in the entire homogeneity range of Cd 58 Pr 13 . It can be seen that there is some noticeable scatter, especially in the central part of the phase. However, it should be kept in mind that the data points are spaced in very narrow composition steps, and that small errors in composition and/or temperature in the equilibrium curves in Figure 4 may lead to a noticeable shift in the ln a Cd vs. 1/T data points.
Values of DH Cd were directly calculated from the slopes of the straight lines in Figure 6 and plotted against composition in Figure 7 . As can be seen, the partial enthalpy values vary over an extended range from À24 at the Cd-rich side to À50 kJ mol(Cd)
À1 at the Pr-rich border of the homogeneity range, pointing again to the considerable stability of this phase.
An analogous evaluation was carried out for the Cd 2 Pr phase. The corresponding values are included in Table I . Although the partial enthalpy values in the two- phase fields become increasingly more negative with increasing Pr content (see Figure 5 ), the evaluation for Cd 2 Pr resulted in surprisingly small negative or even slightly positive values for DH Cd ;which would indicate a somewhat unusual shape of the integral enthalpy of formation curve for this phase. At the moment, the reason for this behavior is not clear; nevertheless, these values were used for the conversion of the Cd activities to a common temperature of 823 K (550°C) (see below), resulting in activity values consistent with those of the neighboring phases.
Partial enthalpy values for Cd 45 Pr 11 could not be derived in the described way, but were estimated from the neighboring two-phase fields assuming a linear behavior with composition between the values of the two-phase fields. The same procedure was employed for the Cd 3 Pr phase where no samples were available from the experiment (cf. Table I ).
D. Thermodynamic Activity of Cd at 823 K (550°C)
To derive thermodynamic activities of Cd for the respective single-and two-phase fields, an integrated form of the adapted Gibbs-Helmholtz equation was applied:
with the temperature in K and the partial enthalpy of cadmium in J mol(Cd) À1 . Accordingly, the activity values of all samples, at the respective sample temperatures T S , were converted to an average temperature of 823 K (550°C) (see Table I As an example, ln a Cd for Cd 58 Pr 13 is shown in Figure 8 as a function of composition at 823 K (550°C). The corresponding phase boundaries at this temperature were taken from Table II, as obtained from SEM measurements. The data points were fitted with a polynomial function, leading to the best compatibility with the activity values in the adjacent two-phase fields.
As mentioned previously, numerous samples were located in the homogeneity range of Cd 2 Pr, making this phase useful to perform the same evaluation as was done for Cd 58 Pr 13 . The homogeneity range was estimated to be between 65.8 and 66.6 at. pct Cd at 823 K (550°C). The corresponding activity values of samples located in Cd 2 Pr were converted to 823 K (550°C), using an empirical fit of the respective enthalpy values within this composition range.
Thermodynamic activity values at 823 K (550°C) for the phases Cd 3 Pr and Cd 45 Pr 11 which are given in Table I had to be converted from their corresponding sample temperatures with enthalpy values estimated by a linear interpolation between the values in the neighboring two-phase fields, as discussed above.
Activity values in the two-phase fields Cd 11 Pr + L and Cd 6 Pr + Cd 11 Pr could not be obtained from the current results but were taken from Johnson and Yonco [13] and Castrillejo et al., [14] respectively, based on their experimental values of the Pr activity and their integral Gibbs energies of formation of the compounds Cd 6 Pr and Cd 11 Pr. They were used for the current Gibbs-Duhem integration as described below. According to Castrillejo et al., [14] a value of ln a Cd = À0.574 could be calculated for the two-phase field Cd 6 Pr + Cd 58 Pr 13 , which compares reasonably well with the value of about À0.33 obtained in the current study.
E. Integral Gibbs Energy
As outlined above, Johnson and Yonco [13] determined thermodynamic activities of Pr in the liquid phase between 635 and 809 K (362°C and 536°C) by means of emf measurements. They calculated partial excess Gibbs energies of Pr, based on solubility data of Pr in liquid Cd from an earlier examination of the Cd-rich part of the phase diagram by Johnson et al. [12] An overall fit of the complete data was given, which was used to calculate an activity coefficient of Pr at 823 K (550°C) for the current study:
with the temperature in K and the partial excess Gibbs energy of Pr in J mol(Pr)
À1
. The respective coefficients, obtained from the emf measurements, were listed as follows:a 1 = À182.25 J mol . From the calculated excess partial Gibbs energy of Pr at 823 K (550°C), a value for the thermodynamic activity of Pr could be obtained for the two-phase field Cd 11 Pr + L, namely, ln a Pr = À19.34, which agrees perfectly with the activity value of Castrillejo et al., [14] given as À19.55. The activity value ln a Pr = À19.34, calculated from the empirical function of Johnson and Yonco, served as an integration constant for Gibbs-Duhem integration performed in the current study. The corresponding activity values of Cd and Pr in the composition ranging from 50 to 100 at. pct Cd are plotted as natural logarithms in Figure 9 .
Again, the figure indicates that the intermetallic compounds Cd 2 Pr and Cd 58 Pr 13 have to be very stable, because of the marked difference of the activities between their adjacent two-phase fields. Incidentally, it was observed in the Cd-La system [18] that the two phases Cd 2 La and Cd 58 La 13 with the same crystal structures show congruent melting points, and a similar marked activity change was also observed for the compound Cd 58 La 13 by Richter et al. [19] Thus, the results for the Cd-Pr system are taken as a strong indication that Cd 2 Pr and Cd 58 Pr 13 might also exhibit congruent melting behavior.
From the activity data for Cd and Pr, integral Gibbs energies were calculated for the respective composition ranges at 823 K (550°C) and are plotted in Figure 10 , referred to Cd(l) and a-Pr(s) as standard states. Gibbs energies of formation at the exact stoichiometric compositions of the phases Cd 6 Pr, Cd 58 Pr 13 , Cd 45 Pr 11 , [14] Cd 3 Pr, and Cd 2 Pr were obtained to be about À18.8, À23.5, À24.8, À28.7, and À33.8 kJ g-atom À1 at 823 K (550°C), respectively. Comparing with previous data of Castrillejo et al. [14] (see Figure 10 ) who presented a Gibbs energy of formation for Cd 58 Pr 13 as À23.7 kJ g-atom À1 [at 823 K (550°C)], the agreement is considered very good. In a thermodynamic assessment, Kurata and Sakamura [20] listed optimized parameters for the Gibbs energy of formation of Cd 6 Pr. Using their parameters, a value of about À18.7 kJ g-atom À1 was calculated for 823 K (550°C), referred to Cd(l) and a-Pr(s). This similarity of good agreement confirms the validity of the assumptions made for the Gibbs-Duhem integration performed in the current study.
IV. SUMMARY
Seven successful vapor pressure runs were carried out, using a (non-)isothermal isopiestic method. Liquid Cd served as the volatile component and was equilibrated with pure Pr samples between 749 K and 1067 K (476°C and 794°C). From the primary results, equilibrium curves were drawn and thermodynamic activity values of Cd were derived in the composition ranging from 50 to 85 at. pct Cd. An adapted Gibbs-Helmholtz equation was applied to convert thermodynamic activity values of Cd to an average sample temperature of 823 K (550°C). With additional information from the literature concerning a value for the activity of Pr in the two-phase field Cd 11 Pr + L, a Gibbs-Duhem integration was performed in the current study. Activity values of Cd and Pr are thus presented in the composition ranging from 50 to 100 at. pct Cd. Moreover, integral Gibbs energies could be derived and are shown for the respective composition ranges. The agreement of Gibbs energies of formation with the available literature data is good.
